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MINOS results from the NuMI beam 
Zarko Pavlovic (for the MINOS collaboration) 
The University of Texas at Austin 
Abstract. We present an updated measurement of v^ disappearance in the NuMI neutrino beam using MINOS detectors. This 
preliminary resuh is based on 2.5 x 10̂ *' protons on target. We observe 563 charged-current v^ events in the Far Detector, 
where we expect 738 ±30 in the absence of neutrino oscillations. The observed deficit is consistent with oscillation hypothesis. 
The best fit to oscillation parameters yields AOTJS = 2-38+Q jg x lO^^eV^ and sin^ 2023 = 1 -OO-o.os with errors quoted at the 
68% confidence level. The uncertainties include both statistical and systematic errors. 
Keywords: Neutrino mass and mixing 
PACS: 14.60.Pq 
1. INTRODUCTION 
The MINOS experiment is a long baseline neutrino dis-
appearance experiment designed to study v^ disappear-
ance phenomena observed in atmospheric neutrino ex-
periments [1, 2]. The phenomenon was also observed in 
K2K accelerator experiment [3]. The goal of the MINOS 
experiment is to verily the v^ -^ Vf oscillation hypoth-
esis and to measure precisely the relevant mass splitting 
A/W23 and mixing angle sin^2023- Additionally, MINOS 
will look for the appearance of the v^s in the neutrino 
beam due to sub-dominant v^ -^ Ve oscillation mode. 
Depending on the value of d\^ MINOS could either make 
the first measurement or improve the limit on 613. De-
tails of the Ve appearance analysis were presented at this 
workshop by Mayly Sanchez [4]. 
The neutrinos for MINOS experiment are produced in 
Fermilab's NuMI beam fine. MINOS uses two neutrino 
detectors to study the neutrino beam at two locations on 
the beam axis. The Near Detector (ND) is on site at Fer-
milab, 1km downstream of the production point. It mea-
sures the neutrino beam composition and spectrum be-
fore neutrino oscillations take place. The Far Detector 
(FD) is located 735km away in the Soudan mine Min-
nesota. Comparing the reconstructed neutrino spectrum 
at the ND and the FD allows the extraction of the oscil-
lation parameters. 
We perform the analysis in a two neutrino oscillation 
framework. Within this framework the probability to ob-
serve a v^ at the FD if we start with a v^, is given with: 
^(v^ ^ v^) = 1 - sin^(20) sin^ 1.27 
^Anp-[eV^]L[km] 
E[GeV] 
where L is the distance from the target and E is the 
neutrino energy. The measured mixing angle 9 and mass 
splitting Arn^ can be identified as fe and Arnl^ in the 
limit where P{v^ -^ Ve) = 0. 
The first MINOS resuh [5, 6] was based upon 1.27 x 
10^" protons on target. We present here the updated re-
sults using 2.50 x 10^" protons on target. The present 
analysis also incorporates several improvements. We 
now include the events with Ey above 30GeV. The FD 
fiducial volume was expanded by 3.2%. A new track re-
construction algorithm is used, resulting in 4% increase 
in muon track reconstruction and fitting efficiency. An 
improved procedure for selecting v^ CC signal events 
and rejecting the NC backgrounds is used, resulting in 
approximately 1% increase in selection efficiency and 
better than a factor of two reduction of NC background. 
Finaly an upgraded neutrino interaction simulation pack-
age [9] is used that has a more accurate models of 
hadronization, intranuclear rescattering and deep inelas-
tic scattering. 
2. THE NUMI BEAM 
The NuMI beam is a conventional, horn focused neutrino 
beam providing an intense and almost pure v^ beam. 
The neutrinos are produced using 120GeV protons from 
the Main Injector and steering them on a 94cm long 
water cooled segmented graphite target. Before strik-
ing the target, the proton beam is bent downward by 
58mrad to point to the FD. Protons are delivered in lO û̂  
spills every 2.4 seconds, with each spill containing up to 
4.0 X 10̂ ^ protons. The secondary particles produced in 
proton graphite interactions are focused using two mag-
netic horns. The horns focus positive particles and defo-
cus negative ones. The focused mesons, mainly pions and 
kaons, decay while flying through the 675m long evacu-
ated decay pipe. Decays of these mesons give rise to the 
neutrino beam. The composition of the beam is 92.9% 
v^, 5.8 % v^ and 1.3% Ve and Vg. 
An important feature of the NuMI beam-line is the 
CP981, ^^International Workshop on Neutrino Factories, Superbeams, and Betabeams -NuFact 07, 
edited by O. Yasuda, C. Ohmori, and N. Mondal, 
© 2008 American Institute of Physics 978-0-7354-0500-4/08/$23.00 
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ability to adjust the energy of the neutrino beam. This can 
be achieved by changing the relative distance between 
the target and the focusing horns. Pulling the target away 
from horns results in focusing of the stiffer mesons, 
while the soft ones miss the horns altogether Bringing 
the target closer to horns allows the horns to capture the 
soft pions and focus them down the decay pipe. Since 
the neutrino energy is proportional to the parent energy, 
changing the target position changes the neutrino energy 
spectrum. 
In addition to changing the target position, the horn 
current can be varied as well. Higher horn currents re-
sult in focusing of particles coming from the target with 
higher transverse momentum. Taking data with various 
target positions and horn currents thus corresponds to fo-
cusing of different regions in the momentum space of pi-
ons flying of the target. For oscfllation analysis it is favor-
able to run in a beam configuration that gives the largest 
flux in lower energy bins. The majority of data was taken 
in the low energy configuration, however small part of 
the data was taken in higher energy configurations. 
The biggest uncertainty in predicting the neutrino flux 
comes from the uncertainty in hadron production. We use 
the data taken in other beam configurations to tune the 
beam Monte Carlo simulation to better match the ND 
data. The detafls of tuning procedure were discussed by 
Sacha Kopp at this workshop [8]. 
3. THE NEUTRINO DETECTORS, 
EVENT RECONSTRUCTION AND 
SELECTION 
The two MINOS detectors are almost identical in design. 
This allows for the canceUation of the majority of the 
uncertainties related to modeling of neutrino interactions 
and detector response. The detectors are steel-scintiUator 
tracking calorimeters built out of planes consisting of 
2.54cm thick steel plane and a 1cm thick scintiUator 
plane. Both detectors are magnetized with toroidal mag-
netic field averaging 1.3 T allowing for the reconstruction 
of the charge through the curvature of the track. 
The ND has 282 planes that have irregular 4 x 6m^ 
octagonal shape. The total mass of the detector is 0.98 
kton. The FD has 484 8/w wide octagonal planes and has 
a total mass of 5.4kton. 
In both detectors scintiUator planes are comprised of 
4.1cm wide strips. The strips are oriented at 45 deg with 
respect to the vertical axis. Consecutive planes have scin-
tfllator strips at 90 deg. The hght from the scintfllator is 
transported to multi-anode photomultiplier tubes via em-
bedded wavelength shifting fibers. 
The charged current (CC) and neutral current (NC) 
events look very different in the MINOS detectors. The 
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FIGURE 1. Number of selected events in Near Detector per 
spill as a function of spill intensity. The linearity indicates that 
there are no biases introduced with higher event rates. 
typical CC v^ event has a long muon track accompanied 
by a short hadronic shower near the event vertex. The 
Ve CC events are characterized by short and dense elec-
tromagnetic showers. The NC events are typically short 
with diffuse hadronic showers. 
Event reconstruction includes finding and fitting the 
tracks, and reconstructing the hadronic shower The re-
constmcted quantities such as the vertex distribution in 
the detectors or track angular distributions are weU re-
produced by the MC. In the ND multiple interactions oc-
cur per each beam spiU, so timing and spatial information 
are used to separate individual neutrino interactions. We 
checked that the intensity of the beam does not introduce 
any biases in the selected number of events. The linearity 
shown in Figure 1 indicates that ND is capable of mea-
suring individual neutrino events without any bias due to 
beam intensity. 
For v^ CC events, the total reconstructed energy is 
obtained by summing the reconstructed muon energy 
and the visible energy, Eshawer, of the hadronic sys-
tem. The muon energy is measured either by range or 
through curvature measurement depending on whether 
the muon stops in the detector or escapes. Below 
lOGeV, the hadronic energy resolution was measured to 
be 56%/y^E[GeV] ® 2%. The muon energy resolution 
^n/E^ varies smoothly from 6% at low energies, where 
most tracks are contained and momentum is measured 
from range, to 13% at high energies, where curvature is 
used to measure the momentum. 
The v^ CC event candidates are preselected in both 
detectors by requiring that the vertex faUs in the fiducial 
volume ensuring that the hadronic energy of the event is 
contained within the volume of the detector The direc-
tion of the track is required to be consistent with the neu-
trino beam direction and the timing of the event has to be 
19 
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FIGURE 2. Distributions of the CC/NC separation discrimi-
nant for ND data. The filled histogram shows the distribution 
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FIGURE 3. Reconstructed neutrino energy spectrum in the 
Near Detector compared to Monte Carlo prediction. The MC is 
tuned as described in [8]. 
consistent with the beam spill time. Subsequently, a mul-
tivariate algorithm (PID) is used to separate the v^ CC 
events from the background of NC events. The follow-
ing variables describing event topology and kinematics 
are used as input to the PID algorithm: track charge sign, 
average track pulse height, number of planes with hits on 
the track, number of planes with hits exclusively on the 
track, significance of track curvature measurement and 
reconstructed >> = Eshower/Ev The expected NC back-
ground in the selected sample is small and appears in the 
lowest energy bins. The PID distribution for the ND data 
is shown in Figure 2. We select events with PID>0.85 in 
both ND and FD. 
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FIGURE 4. The Beam Matrix used to obtain the flux at the 
Far Detector given the flux at the Near Detector The matrix el-
ement My gives the number of neutrinos of energy Ej expected 
in the FD for every observed neutrino in the ND of energy 
Ej. The matrix is almost diagonal at lower energies where the 
focusing peak is. 
The analysis presented here uses only v^ CC events. 
The v^ component is separated by requiring that the 
muon track in the selected event is negative. Figure 3 
shows the selected v^ CC events below lOGeV along 
with the MC prediction. [8] 
4. OSCILLATION ANALYSIS 
To predict the unoscillated FD spectrum the Beam Ma-
trix method [II] is used. The method minimizes the de-
pendence on MC and is less sensitive to mis-modehng of 
the neutrino flux and neutrino interaction cross sections. 
The method uses beam simulation to derive the matrix 
that relates the energy of v^s in two detectors via their 
parent hadrons. The matrix element My gives the num-
ber of neutrinos of energy Ej expected in the FD for ev-
ery observed neutrino in the ND of energy £,. It is calcu-
lated using the decay kinematics of secondary hadrons in 
the beam line. Given the neutrino flux at the ND, the flux 
at the FD can be obtained using this beam matrix. The 
beam matrix, shown in Figure 4, is almost diagonal due 
to the fact that the neutrino parents are focused towards 
both the ND and FD. 
The method consists of three steps. In first step the flux 
at the ND is extracted. For that it is necessary to correct 
the reconstructed spectrum for purity and efficiency and 
divide it by cross sections. In the second step the beam 
matrix is used on the flux yielding the flux at the FD. In 
the final step the flux is multiplied with cross sections 
20 
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TABLE 1. Shifts in oscillation parameters due to various 
systematic effects. The last row of the table shows the statisti-
cal uncertainty for an exposure of 2.5 x lO^'-'POr. 
Oscillation Results for 2.50E20 POTs 
^ 140 
Uncertainty (IQ-^eV^) sin2(2e) 
Near/Far normalization (±4%) 
Abs. hadronic energy scale (±10%) 
NC contamination (±50%) 
All other systematics 
Total systematic 













and used in the FD Monte Carlo to create the expected 
reconstructed neutrino spectrum which is then compared 
to the data. To first order, dividing with cross sections 
in the first step cancels with cross section multiphcation 
in the last step making the method insensitive to cross 
section uncertainties. This happens because the beam 
matrix is almost diagonal so to first order it commutes 
with operations involving cross sections. 
With an exposure of 2.5 x 10^" protons on target, a 
total of 738 ± 30 events are expected at the FD in the 
absence of oscillations. We observe 563 charged-current 
muon neutrino candidates. The deficit is more significant 
in low energy region of the spectrum indicating the en-
ergy dependence of the deficit. Below 5GeV 198 events 
are selected, compared to an expected 350 ± 14 events. 
Under the assumption that the observed deficit is 
due to v^ -^ Vf oscillations, a maximum likehhood fit 
is performed to determine the parameters \Am^\ and 
sin^(20). The most significant sources of systematic un-
certainty, namely relative FD/ND normalization (±4%), 
the hadronic shower energy scale (±10%) and the NC 
background (±50%), are included in the fit as nuisance 
parameters. 
The effects of different systematic uncertainties were 
evaluated by generating the Monte Carlo sample for ND 
and FD with a particular systematic shift. A fit to the os-
cillation parameters \Am^\ and sin^(20) was performed 
and systematic errors on the oscillation parameters were 
obtained by looking at shifts of the best fit point in the 
presence of each systematic shift. Table 1 lists the sys-
tematic errors in the oscillation parameters. For the cur-
rent exposure the total error is dominated by the statisti-
cal error It is expected that with future analysis improve-
ments the systematic error will be further reduced. 
Figure 5 and 6 show the predicted FD spectrum 
weighted according to the best-fit oscillation parameter 
values overlaid on the observed spectrum. The best-fit 
yields lA/w ĵ| = {23^tlfe) ^ lO^^^F^ and sin2(2e23) = 
1.00_o.o8 with ;̂ ^ = 41.2 for 34 degrees of freedom. 
Only values of sin^(20) < 1 were considered. The un-
certainties represent 68% CL intervals as estimated from 
120-
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FIGURE 5. The reconstructed v^ CC energy spectrum from 
the Far Detector data compared to predicted unoscillated spec-
trum and best-fit oscillated spectrum. The expected neutral cur-
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FIGURE 6. The ratio of the observed spectrum to the un-
oscillated prediction with the best-fit oscillation prediction. The 
expected neutral current background has been subtracted. 
the oscillation parameter values giving an increase in x^ 
of one unit relative to the best-fit value when minimized 
with respect to all other parameters. The 90% lower hmit 
on sin^(2023) is found to be 0.84. 
Letting the sin^(20) assume unphysical values moves 
the best fit value to |AOT^3| = 2.26 x IQ-^eV^ and 
sin2(2023) = 1-07 with;t;2 = 40.9. 
The 68% and 90% CL contours in oscillation parame-
ter space are shown in Figure 7. The contours correspond 
to Ax^ = 2.30 and 4.61, respectively, relative to the best 
fit point. We have confirmed the coverage of these con-
fidence intervals using the unified approach of Feldman 
and Cousins [12]. 
Figure 8 compares this preliminary result to the first 
MINOS pubhshed result based upon 1.27 x lO^" P0T[5]. 
The allowed region is shifted to lower values of Arn^. 
To check that the new result is consistent with the 
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FIGURE 7. Allowed regions in the Ara ,̂ sin^20 plane at 
68% and 90% C.L. as determined according to A^^ = 2.30 
and 4.61, respectively. The best fit point occurs at Arâ  = 
2.38 X IQ-^eV^/c-* and sin^lO = 1. Overlaid are the 90% C.L 
contours from the Super-Kamiokande zenith angle [1] and L/E 
analyses [2] and from the K2K experiment [3]. 
5. SUMMARY 
Here reported is the preliminary result on v^ disappear-
ance from the MINOS experiment based on an exposure 
of 2.5 X 10^" protons on target. A deficit of v^ CC events 
is observed with 6.2a significance below lOGeV. The 
systematic errors are under control and well below the 
current statistical errors. A fit to the v^ -^ Vj oscillation 
hypothesis yields: 
\Aml,\ = {23^tlfe) X IQ-^eV^ (68% CL errors) 
sin^(2e23) > 0.84 (90% CL) 














, 1 , 
MINOSBestFit 
MINOS 68% CL 
MINOS 90% CL 
MINOS PRL 2006 68° 
MINOS PRL 2006 90° 

















FIGURE 8. The new preliminary contours are compared 
to the first published MINOS result [5]. The 68% and 90% 
C.L. curves are determined according to Ax^ = 2.30 and 4.61, 
respectively. 
old one we separated the data used for the first re-
sult and analysed the two data sets independently. Us-
ing the data from the first run period yields Arn^ = 
(2.50+Q-2o) X lO^^eV^/c* and the remaining data gives 
(2.22;{J;^^) X 10-^eV^/c'^. This can be com-
0.44^ 
26 J pared to the first MINOS result Am^ = (2.74+^ 
lO^^eF^/c'*. The shift in Ain^ for the first run period is 
in part due to an improved model of neutrino interac-
tions [9, 10] which resulted in the change in the absolute 
shower energy scale. The change makes a downward sys-
tematic shift of 0.06 X lO^^eV^/c'^. The remaining shift 
in Arn^ is consistent with a statistical fluctuation due to 
the increased number of events in the sample caused by 
improvements mentioned in Section 1. 
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